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Cell Calcium, Cell Injury and Cell Death

by Benjamin FE Trump,* Irene K. Berezesky,* Toshihide
Sato,* Kauno U. Laiho,* Patricia C. Phelps* and Nicholas

DeClaris*

The role of calcium in cell injury has been the subject of much recent investigation. The movement and
redistribution of this cation from extra to intracellular compartments and the calcium shifts between
intracellular compartments may well play a determinate role in the cell’s reaction {o injury. Therefore, data
of such shifts and their correlation with morphological, biochemical and cytoskeletal studies will provide a
better understanding of these processes. To study the effects of calcium regulation on acute lethal anoxic
injury and the effects of inhibition of respiration with cyanide, three experimental systems were utilized:
Ehrlich ascites tumor cells, isolated rabbit proximal tubule segments and suspended or cultured rat
proximal tubule cells. Although our data showed no correlation between total cell caleium and cell death
except in highly selected cell systems, they did indicate that calcium can be an important control variable,
Therefore, massive increases in total cell calcium, as seen in Cay(PO,), precipitation in mitochondria, must
be a secondary event and represent the modern day equivalent of the classical dystrophic calcification seen
by pathologists in the past. Although the involvement of extracellular calcium in cell death may well be
significant in some cell types, redistribution of calcium within the intracellular compartments may play an

even more important role.

Introduction

For the past 20 years we have been characterizing the
relationship between cellular ion regulation, cell injury
and cell death. We noted that many characteristics and
kineties of acute lethal injury in rat renal slices (1), toad
bladders (2), and isolated flounder renal tubules (2,4)
could be reproduced by agents or eonditions that
interfere with ion permeability and/or transport at the
plasma membrane. At the same time, it was also
observed that there was some correlation between
cellular Ca content and cell death. For example, when
the effects of HgCl, on the rat kidney were studied,
results showed that mitochondrial Ca increased mark-
edly from zero time to 48 hr as the cells became
necrotic, while Na inereased earlier up to 12 hr and then
leveled off (5). Analogous caleification oceurs with CCl,
in hepatocytes. Although this relationship between Ca
content and cell death, often referred to as “dystrophic”
calcification, has been noted by pathologists for many
years, what remains unclear is whether it is merely a
secondary effect or whether Ca deregulation acts in
killing the ceill. On the other hand, in many systems,
extracellular Ca is essential for life, especially in
non-neoplastic cells.

Here, we have focused on the effects of Ca regulation

*University of Maryland at Baltimore, School of Medicine, Depart-
ment of Pathology, 10 South Pine Street, Baltimore, MD 21201.

on acute lethal anoxic injury and the effects of inhibition
of respiration with cyanide. Three experimental sys-
tems were utilized: Ehrlich ascites tumor cells (EATO),
isolated rabbit proximal tubule segments, and cultured
or suspended purified rat proximal tubular epithelial
cells.

Results

In the first experimental system, EATC were incu-
bated in Kreb’s-Ringer phosphate (KRP) buffer, gassed
with purified nitrogen (6). Viability was assessed with
nigrosin (7-9). Figure 1 shows the effects on K and ATP
and also indieates the “point of no return” In Figure 2,
ATP is plotted against cell viability. This curve exhibits
a threshold and a region of insensitivity to anoxia, thus
illustrating that ATP as a single control variable is not
revealing. In order to further examine cur hypothesis,
we pooled a variety of injuries in EATC and plotted Ca
versus cell viability (Fig. 3). This carve illustrates that
no correlation exists, but if each experiment is plotted
separately, there is a clear trend.

Some reflection of this can be seen in Figure 4, which
compares Ca content and viability in aerated and anoxic
EATC treated with the Ca ionophore A23187. Note that
in the aerated cells total cell Ca increases markedly
with little effect on viability, whereas with anoxia the
effects are synergistic and rapidly lead to death. We
interpret this to mean that intracellular buffer systems
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Fisure 1. Plot of K* and ATP levels vs. time in anoxic Ehrlich
ascites tumor cells. At 1, 2, 3, 4, and 6 hr the cells were aerated.
Note that after 2 hr the cells did not recover K* or ATP levels,
indicating that the point of ne return was somewhere between 2
and 3 hr. Reproduced with permission from Trump and Laiho (6).

such as endoplasmic reticulum (ER) and mitochondria
can readily compensate for increased cytosol Ca if an
energy source is present. Thus, cellular ATP and Ca
appear to be cooperative control variables in this
system.

In another series of experiments, viability of EATC
was tabulated as a function of time in media where
ionized Ca was modified. By 1 hr, anoxia in the absence
of added Ca or in the presence of EDTA resulted in
slight but significant increases in cell viability, although
by 3 hr, there was relatively little effect; i.e., reducing
extracellular ionized Ca did delay but did not prevent
cell death. We also observed that in the presence of
A23187, cell killing was even more rapid. In contrast to
this, however, anoxia in the presence of EDTA with or
without ionophore: or anoxia with no Ca added and in
the presence of ionophore significantly increased viabil-
ity by 3 hr.

We had previously noted that reduction of extracellular
pH delayed cell killing following anoxia or other injuries
whereas slight increases in pH enhanced it (14-14). This
could relate to competitive effects of protons and Ca on
effector systems such as calmodulin. Such antagonistic
effects have been noted in other systems. Also, Ca-
proton exchange mechanisms at cell membranes have
been suggested.

The effects on morphology are shown in Figures 5 and
6. Normally, EATC are spherical in shape with well-
developed surface microvilli. Very quickly after anoxia,

100

80

50

Dead Cells (%)

40

Z0

10 20 30 40 50 60
ATP (umoles/107cells)

Fisure 2. Plot of cell viability vs. ATP in a variety of cell injuries in
Ehrlich ascites tumor cells (4-6).
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Ficure 3. Plots of Ca content vs. dead cells from a series of
experiments in Ehrlich ascites tumor cells (4-6).

cell shape changes markedly and blebs oceur at the cell
surface as observed by scanning electron miecroscopy
{SEM). Moreover, these blebs can often be observed to
detach and float away. Such changes always begin
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during the reversible phase and sometimes within
seconds as observed with the addition of A23187. Using
transmission electron microscopy (TEM), the cells at
this time show condensed mitochondria, dilated ER and
clumping of nuclear chromatin. At later intervals when

y

KAP, N,. A23187
o 1000
- 800
-
z B0 KRE, Alr, A23187
e
x -
S 400 KRP.NZ
o
2
2 200 — KRP,Air
[&]
-l
o
S oo
. 2o
L]
w
-
o .
o KRAP, Air
a -
2 40
b1 KRP, Alr,A23187

60—

ae KRP.N,

—& KRP.N5,A23187
1 | T
1 2
Time (hours)

Figure 4. Plots of Ca content and dead cells vs. time in control and

anoxic Ehrlich ascites tumor cells with and without addition of Ca
ionophore A23187,

Figure 5. Scanning electron micrograph of control (untreated) Ehr-
lich ascites tumor cells. Reproduced with permission from Trump
et al. (18).

the cells have passed the “point of no return,” the cell
surfaces tend to become smooth with irregular pitting.
TEM reveals swollen mitochondria with flocculent
densities, fragmentation of ER and interruptions of the
integrity of the plasma membrane. No mitochondrial
calcifications were seen.

Other experiments were performed on cells in aer-
ated KRP with the addition of A23187. Again, rapid cell
shape changes occurred with large blebs forming at the
cell surface as noted by SEM. By TEM, the cells
revealed inereased numbers of autophagosomes and
humerous condensed mitochondria. It is to be empha-
sized that under these conditions the cells showing such
shape changes were, in general, perfectly viable. In
conjunction with the increased intracellular Ca content
and the obvious shape changes, cytoskeletal modifi-
cations undoubtedly also oceur. It is well known that
high concentrations of Ca depolymerize microtubules
and inhibit actin polymerization; however, the specific
nature of the cytoskeletal changes and the resulting
effect on cell activities remains to be determined.

Rabbit proximal tubule segments were isolated by a
modifieation of the method of Balaban et al. (5). The
tubule suspensions were preincubated in minimum
essential medium (MEM) or Ca-free MEM for 10 min
prior to the beginning of each experiment. In the casze of
the experiments with zero Ca, the solution contained
0.15 mM EGTA. Viability was measured by LDH
release,

When rabbit proximal tubules were incubated in 10
KCN in the presence or absence of Ca, progressive cell
killing occurred over a 2-hr period. In Figure 7, the

Figure 6. Seanning electron micrograph of Ehrlich ascites tumor
cells 60 min after continual gassing with nitrogen (anoxia).
Reproduced with permission from Trump et al. (18).
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Ficure 7. Plot of viability (measured by LDH release) vs. time in isolated rabbit kidney proximal tubules incubated with and without KCN at

varying concentrations of extracellular Ca.

killing curves are compared in a Ca-free medium and in
media with 0.5, 1.5 and 3.0 mM Ca. Notice that no
difference occurred except in the 3 mM medium where
significant reduction in the amount of cell killing
occurred. Examination of thin sections by TEM showed
progressive changes beginning, as with the EATC, with
condensation of mitochondria, dilatation of ER, swell-
ing of the cytosol and clumping of nuclear chromatin. At
later stages, as the cells began to die, to this was added
mitochondrial swelling with flocculent densities and
fragmentation of plasmalemma and all intracellular
membrane systems.

Rat kidney proximal tubule cells were isolated by the
method of Sato et al. (16,17) using collagenase perfusion
with or without Ca, depending on the experiment. All
cells were preincubated in MEM with or without Ca for
20 min prior to the initiation of experiments. Viability
was measured by LDH release.

When isolated rat proximal tubule cells were incu-
bated anoxically with or without Ca, there was very
little difference; if anything, cell killing was more
prominent in the Ca-free medium. Morphologically,
early blebbing occurred during the reversible phase in
most cells as seen by SEM. Similar blebbing was seen by
TEM in addition to deep invaginations associated with
microfilaments. Indirect immunofluorescence staining
of cells grown on coverslips revealed striking changes in
the arrangement and population of actin filaments and
differences in cell shape and size. Later changes re-
vealed increased actin staining in circular areas repre-
senting either cytoplasmie vacuoles or cellular blebs.

Discussion

It is our hypothesis that increased ionized Ca and/or
Ca-calmodulin complexes in the cytosol are an impor-
tant factor in the initiation of cell death following a
variety of cell injuries (18-21). Increases in eytosol Ca
can result from extracellular entry and/or redistribution
from intracellular compartments, e.g., the mitochon-
dria and ER. In EATC subjected to anoxia, reduction of
extracellular Ca retards cell death; however, more of an
effect is seen if EDTA or A23187 is present. We
hypothesize that this is because the intracellular buffer
systems are inactivated in the absence of ATP. There-
fore, there is a minimal effect of retarding entry since
efflux from mitochondria and ER also presumably
oceurs insuring that the amount of Ca available to raise
the level of ionized Ca is not limiting. Certainly, marked
increases in intracellular Ca were produced in our
experiments with the EATC system in which AZ3187
was added to cells with presumably intact intracellular
buffers.

The situation can be markedly different when the
primary injury involves direct attack on cell membrane
systems, for example, carbon tetrachloride-induced
lipid peroxidation or activation of complement. In these
cases, damage occurs at the cell membrane while the
production of ATP by mitochondria and mitochondrial
membrane integrity are initially unaffected or only
slightly affected. Cytosol Ca levels rise to the point
where mitochondria begin sequestering Ca. Even in the
presence of ATP, the cell membrane extrusion system is
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unable to regulate, leading to increased cytosol Ca;
ultimately, precipitates of Cag(PQ,)s occur within the
mitochondria. Although the Cas(PO,), designation is
used here, it seems clear from previous studies that
calcification in mitochondria begins as amorphous
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Caz(POy), and ultimately is in the form of Ca hydroxy-
apatite.

Our studies also show that no correlation exists
between total cell Ca and cell death if a variety
of experimental conditions are explored; yet in each
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Fioure 8. Flow chart depicting our current working hypothesis on the interactions of Ca, cell injury and cell death. Reproduced with

permission from Trump and Berezesky (26).
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condition, Ca increases as cell killing proceeds. It
appears that Cag(PQy). precipitation within the mito-
chondria, which leads to massive increases in total cell
Ca, represents a secondary event and is the modern
equivalent of the classical “dystrophic” calcification
noted by pathologists in the past.

One striking result in our experiments was the
observation that addition of the Ca ionophore A23187 in
the absence of extracellular Ca or addition of EDTA to
the KRP with or without the Ca ionophore was
significantly protective even after 3 hr of anoxia. This
effect may be interpreted as follows. In the presence of
a lipid-soluble Ca ionophore, Ca moves across mem-
brane barriers down its concentration gradient. With
Ca-free extracellular media, any Ca that is redistrib-
uted within the cell, for example, by release from
mitochondria or ER, is rapidly dispersed from the cell
and diluted into the medium (which is very large
relative to the cell). The same is true of EDTA which is
able to effectively remove Ca from its ionized state.
These results, we believe, are again compatible with a
role of increased ionized cytosol Ca in producing cell
killing.

Finally, the difference between neoplastic and non-
neoplastic cells may be of significance. Recently, in
reviewing the literature on relationships between cell
ion content and the cytoskeleton in normal and neoplas-
tic cells, it was obvious that there are marked differ-
ences between normal and malighant cells, especially
regarding the Ca growth requirements.

In conclusion, the relationship between cell Ca and
cell death is complex; total cell Ca does not appear to
predict cell death except in some highly selected cell
systems. The difference between suspension and mono-
layer cultures as exemplified in the present study and in
those of Casini and Farber (22), Smith et al. (23),
and Stacey and Klaassen (£4) still needs explanation.
Certainly, in contrast to hepatocytes or proximal tubule
cells, EATC are well adapted for life in suspension,
Incubation of any non-neoplastic epithelium in a Ca-free
medium represents a rather abmormal destabilizing
condition; therefore, effects of Ca-entry blockers and
calmodulin antagonists need to be characterized. In the
experiments of Joseph et al. (25), it was noted that the
buffer systems might already be Ca-loaded in freshly
isolated hepatocytes. The membrane blebbing seen
during the reversible phase in their system may well
specifically reflect Ca effects on the eytoskeleton. Our
studies on the sequential changes in actin distribution
by immunofluorescence are consistent with this view.

Figure 8 illustrates our concept of the forces involved,;
obviously, these will differ with the precise type of cell
injury. However, in many systems, including anoxia,
inhibition of respiration and total ischemia, the redistri-
bution of Ca within intracellular compartments may
well be as important or more important than influx from
the extracellular fluid. Ca regulation may differ in
various types of cells, e.g., in excitable cells, Na—Ca
exchange may be an important factor while in other

cells Ca-ATPase may play a role at the cell membrane.
In addition to the plasmalemma, intracellular buffer
systems include the ER and the mitechondria which,
in the presence of energy, can regulate up to their
capacity the level of Ca and Ca-calmodulin complexes
in the cytosol. In theory, in any particular cell injury,
there may be any permeation of Na or Ca entry or
deregulation, e.g., a particular injury may primarily
affect cell membrane permeability, ATP levels, mito-
chondrial buffer capacity or ER uptake. Several exam-
ples of this are shown in Figure 8. Modulations include
antagonism by protons or modification of entry, e.g.,
with Ca entry blockers. In the lower half of Figure 8,
some of the sublethal and lethal effects of Ca deregula-
tion are shown, including diminished cell—cell com-
munication, modulation of cytoskeleton, activation of
phospholipase, and stimulation of macromolecular
synthesis. Phospholipase activation appears to play an
important role in the generation of lethal cell injury
because first reversible and then irreversible changes
are initiated. This pathway also activates the progtanoid
metabolism, some of which may act as feedbacks which
modify Ca entry. In the case of lethal injury, it is our
view that irreversible permeability meodifications in
mitochondrial and cell membrane bilayers result in
irreversible cell injury. Note that mitochondrial calei-
fication in the form of calcium phosphate represents a
reflection of this type of initial interaction since mito-
chondrial calcification only occurs with injuries that
affect Ca deregulation through the cell membrane or
ER without primary effects on mitochondrial funetion.

This study was supported by NIH Grant AM 15440. BFT is an
American Cancer Society Professor of Oncology. This is contribution
#1608 from the Cellular Pathobiology Laboratory.
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